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(57) Abstract 

A penetrating measuring apparatus (10) comprising: a 
stage (11) for mounting a sample to be tested, a probe (12) 
which extends at right angle to the stage (11) with an ultra- 
micro hardness indenter (20) in the end of the probe (12) 
nearest the stage (20), a carriage assembly (15) on which the 
' probe (12) is mounted by elastic couplings (14a), (14b), (14c) 
and (14d) of known stiffnesss and an actuator (19) to drive the 
carriage (15) in a direction towards the stage (II). The probe 
is prevented from undergoing any but axial movements. First 
and Second measuring systems (16), (17) measure movement 
of the probe (12) relative to a known datum and the carriage 
(15) respectively. From the first measuring system (16) data is 
provided regarding actual penetration and the second mea- 
suring (17) system provides data indicating the force applied 
to the indenter. A control system for the inventive apparatus 
is also disclosed. 
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PENETRATING MEASURING INSTRUMENT 
The present invention relates to a penetration 
measuring instrument for use in ultra-microindentation. 
The use of penetration devices to obtain information 
5 relating to the mechanical characteristics of a material 
being tested is very well known. Typically, an indenter 
is forced into a sample of a material and then extracted 
therefrom* leaving an indentation in the surface of the 
sample. / The depth of penetration, surface or projected 

10 area of the indentation and the force applied to the 
indenter provide information indicative of material 
properties such as hardness or modulus of elasticity 7~] 
The modification of surface layers and the use of 
surface coatings to provide improved chemical, mechanical, 

15 electrical or decorative properties is rapidly 

increasing. Such mof if ications include very thin surface 
treatments such as vacuum deposited coatings ion- 
implanted surface layers and surface hardening. In order 
that the properties of such coatings and layers be better 

20 understood, testing apparatus has been developed to .carry 
out ultra-microhardness testing. 

Ultra-microindentation is a technique for obtaining 
information about the mechanical properties of a surface 
material from relationships between the depth of 

25 penetration of an indenter and resistance to its 

penetration. Ultr a-microindentations are produced by 
pressing the indenter, which is usually a diamond pyramid, 
into the surface under the control of an 
ultra-microindenting system (UMIS) . 

30 To ensure that the probe of a UMIS does not cause 

cracking in the sample coating or surface layer and also 
to ensure that the characteristics of the coating are 
tested independently of the substrate characteristics, it 

has been recommend that the depth of penetration should be 
35 small in relation to the total layer or coating 
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thickness. As, for example, the depth of penetration of 
implanted ions typically does not exceed lum, it is 
desirable to be able to carry out microhardness testing 
using penetrations as little as O.lum. If an indenter 
5 with Vickers type geometry is used to produce an 

indentation of O.lum depth, the diagonal width of the 
indentation will be of the order of 0.7um. 

Measurement of impressions having widths less than 
about lum are impossible to perform without the aid of an 

10 electron microscope. Skilled addressees will be aware 

that electron microscopes are extremely expensive, both in 
initial purchase cost and operating cost. Consequently, 
there is a need for a penetration measuring instrument 
capable of use in ultra-microhardness testing which can 

15 provide data indicative of the depth of indentation 

without the need to perform further measurement. As an 
indenter will be of known geometry the width surface or 
projected area of an indenter can be desired if the depth 
of indentation is known. It has been shown that if a 

20 device can provide information indicative of the indenter 
position and the indenting force at intervals during the 
loading and unloading phases, the data thus generated is 
sufficient to allow deductions to be made about the 
dynamic and static resistance to abrasion, to local 

25 penetration and about the static and dynamic elastic 

properties of the new surface material. That is, it is 
possible to carry out the appropriate calculations of 
material properties without recourse to measurement by a 
microscope of any kind, be it optical, electron or 

30 otherwise. 

In order for such a penetration measuring apparatus 
to be successful, the indenter motion should be produced 
by an actuator which is capable of producing smooth, 
vibration free motion at very low speed. The effects of 

35 any inertial forces which, for example, can arise from 
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a carriage assembly to which said probe is connected 
by elastic connection means of known stiffness , said 
carriage assembly and connection means allowing axial 
movement of said probe but preventing movement of said 
5 probe in any other direction; 

means to drive said carriage assembly towards and 
away from said stage; 

means to measure the movement of said probe relative 
to a stationary datum; and 
10 means to measure the deformation of said elastic 

connection means connecting said probe to said carriage. 

The present invention will now be described by way of 
example with reference to the accompanying drawings , in 
which : - 

15 Fig. 1 is a loading/unloading curve for an 

elastic/plastic material when tested by a device in 

accordance with the present invention; 

Fig. 2 is a schematic cross-sectional view of a 

preferred embodiment of the present invention; 
20 Fig. 3 is a schematic representation of the control 

system used to operate the present invention; 

Fig. 4 is a control system flow chart; and 
Fig. 5 is a further . embodiment of the present 

invention. 

25 Analysis of loading unloading curves may be 

understood in conjunction with the loading and unloading 
curves shown in Fig. 1. The loading curve is designated 
by numeral 60 and the unloading curve by numeral 61. 
The surface of the material adjacent to the 

30 indentation is assumed to be depressed by an amount 

similar - to .that which would be produced by a circular flat 
frictionless punch with the same cross sectional area as 
that part of the indentation in contact with the 
indenter. This deflection is assumed to recover 

35 vertically when the indenting force is removed. At least 



WO 88/00691 




PCT/AU87/00202 



- 3 - 

dead weight loading, must be avoided as far as possible. 
In the present invention the solution is to support the 
indenter by elastic coupling means on a carriage assembly 
and, as the carriage assembly is moved an indenting force 
5 is transferred to the probe. In this way the deflection 
of the elastic coupling means is always just sufficient to 
balance the instantaneous resistance to penetration and, 
provided the indenting mechanism has low mass, and moves 
slowly, inertia! forces are minimal. 

105 In a. preferred embodiment of the present invention, 

the indenter is smoothly brought to rest at a 
predetermined indenting force by progressively reducing 
the indenter velocity to zero as the force approaches its 
preset final value. Feedback control of final indenter 

15 position ensures that the indenting force is maintained at 
the predetermined level regardless of creep. This system 
allows the indentation process to proceed smoothly to a 
preset maximum indenting force in one step, to approach 
this value in a series of steps, to dwell at each step for 

20 a predetermined time, to retract the indenter either 

completely in one movement or stepwise. Furthermore it is 
possible to record force and depth at each step or, 
alternatively, while the indenter is moving. With the aid 
of a digitally controlled co-ordinate stage, it is 

25 possible to translate the test surface with the indenter 
in contact under constant or changing force. 

According to the present invention, there is 
disclosed a penetration measuring apparatus comprising: 
a stage for mounting a sample of a material to be 

30 tested thereon; 

a probe having an end thereof proximal to said stage 
and having a longitudinal axis extending orthogonally of 
said stage; 

an ultra-microhardness indenter located in said first 
35 end of said probe; 
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one third of the unloading curve is usually found to be 
straight and its projection 62 on to the penetration axis 
represents this recovery. 

The final intersection 63 of the unloading curve with 
5 the depth axis represents the unrecovered depth of the 
indentation and the difference between this point and the 
intersection of the projection of the initial part of the 
unloading curve represents recovery of the bottom of the 
indentation. It is therefore possible to separate the 
10 total penetration depth into components representing 
elastic and plastic deformations and to attribute 
mechanisms to each of them. 

Conventional Vickers hardness is determined from the 
loaded area of contact between the indenter and the 
15 indentation which is calculated from the length of the 
d ^?™™^.?„. of a recovered indentation. Since there is 
c little- elastic recovery of these diagonals they are also 

re j j ted t Q de P th of penetration and consequently, after 
removal of contaminants such as the depression of the 
20 surface and any deflection of the UMIS .structure, loaded 
a ^AJ?JL<*0!l^^ depth. Although 

the triangular based indenter commonly used in depth 
measuring systems has no diagonals the same principles 
apply and contact area can also be calculated from depth 
25 of penetration. Hardness^ values obtained from the UMIS 
are therefore in principle equivalent to Vickers hardness 
values and where comparisons are possible have been found 
to have similar values. 

The division of the unloading curve into components 
30 due to two different mechanisms allows the contribution to 
conventional hardness of the permanent plastic deformation 
and the non-permanent elastic deformation of the material 
surrounding the indentation to be investigated. The ratio 
of these two contributions varies for different materials 
35 and therefore comparison of hardness values for different 
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materials may be influenced by this ratio, and much 
investigation remains to be done. One method of 
discovering the simple hardness and modulus values of a 
sample using a UMIS, a single force, with any value within 
a selected range, and a dwell time between the achievement 
of full force and its removal are specified. The depth of 
pe netration is measured and recorded after the specified 
dwell. The force is then reduced to a lower value than 
the specified value and the partially recovered depth is 
measured and recorded, again after the specified dwell. 
Ultra-microhardness Hu a nd elastic modulus E are 
calculated from these measurements using 

Hu = F/k 1 (R x - k 2 (R 1 - r 2 ) ) 2 

E/(l-v 2 ) = F(k 3 (R ] _- k 2 (R 1 - R 2 ) < Rl - r 2 )) 



in which F is the indenting force, and R 2 .are the 
depth measurements, k 1 and k 3 are constants dependent 
on the type of indenter used and k 3 a constant dependant 
on the amount by which the force is reduced. Poission's 
ratio can be assumed to be approximately 0.3. 

These aspect of hardness are amenable to study with 
the UMIS and represent one of its applications. 
25 Fig. 2 illustrates a penetration measuring device 10, 

which embodies the present invention. The embodiment 10 
comprises a stage 11 for mounting a sample (not shown) 
thereon, a probe 12 which extends axially in a direction 
orthagonal to the planar top surface 13 of the stage 11 
and which is connected by elastic connection means 14a, 
14b, 14c and 14d to a carriage 15 and an actuator 19 to 
drive the carriage 15 towards the stage 11. Furthermore, 
there is a first measurement device 16 which measures the 
movement of the probe 12 with respect to a datum and a 
35 second measuring device 17 which measures movement of the 
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probe 12 relative to the carriage 15 and, therefore, any 
deformation of the elastic connection means 14a, 14b, 14c 
and 14d. An ultra-microindenter 20 is located on the end 
of the probe 12 which is proximal to the surface 13 of the 
5 stage 11. 

In order to minimize the inertial effects referred to 
above and to allow accurate measurements of the movement 
of the components of the embodiment of Fig. 2, it is 
preferable that the actuator 19 be capable of producing 

10 smooth, vibration free motion of the probe 12 at low 

velocity. Many types of drives suitable for this purpose 
will be known to skilled addressees but the present 
applicant has found linear electromagnetic actuators and 
piezoelectric actuators to be preferable, however, 

15 electromagnetic shakers also provide adequate 

performance. Stiffness within the actuator is of 
Importance in order to maximise control over indenting 
velocity as the resistance of penetration increases. It 
is noted that piezoelectric actuators are stiff but are 

20 also relatively expensive whilst linear electromagnetic 
actuators are relatively inexpensive and can be stiffened 
with positional feedback. 

In the embodiment illustrated in Fig. 2, the elastic 
couplings 14a, 14b, 14c and 14d, take the form of 

25 leaf-springs. Such leaf-springs have relatively low and 
determinable stiffness in the indenting direction but 
have relatively high stiffness in directions transverse 
to the indenting direction. It will be clear to skilled 
addressees that in view of the small size of the 

30 indentations made by embodiments of the present invention, 
the probe must be prevented from moving laterally in order 
for the apparatus to operate properly. 

In the embodiment of Figure 2, vertical deflections 
in the coupling members 14a and 14d will also result in a 

35 relative lateral movement of the probe in a direction 
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illustrated as across the page. This is accounted for in 
the preferred embodiment by the compensating effect of 
deflections in the leaf-springs 14c and 14b which, through 
interaction with an intermediate member 21 and leaf 
5 springs 14a and 14d assure that no "across the page" 

lateral movement of the probe 12 occurs. Leaf springs 14c 
and 14b are selected such they shorten laterally by 
precisely the same amount as springs 14a and 14d in 
response to a given vertical displacement of the probe 12 
10: relative to the carriage 15. In the simplest case this 

can be achieved by making springs 14a, 14b r 14c and 14d of 
identical stiffness and length. In the embodiment of 
Figure 2, the first and second measuring means 16, 17 take 
/ the form of. non-contacting displacement measuring 
AS devices. There are cores 16a,_17a embedded within the 
probe 12 which,' in this case, must be made from a light, 
non-magnetic material, 'such "as, for example, titanium. ' 
. aluminiu^^ hyrilium. Magnetic cores 16a, 17a form 

the moving elements of linear variable differential 
20 transformers (L.V.D.T.) however other forms of inductive 
measuring devices could be used. This arrangement 
provides virtually infinite resolution of measurements. 
Alternatively, one or both of the measuring apparatus may 
take the form of a capacitance measuring device. 
25 It should be noted that because the first measuring 

means 16 measures the movement of the probe with respect 
to a datum, it provides an output including^inf ormation 
regarding the amount of penetration of the indenter 20 
into a sample. As the non moving part 17b of the second 
30 measuring device 17 is rigidly fixed to the carriage 15, 
an output indicating movement of the probe 12 relative to 
the carriage 15 is provided. Thus, deflection of the 
springs 14a, 14b, 14c and 14d is measured and the actual 
load acting on the indenter can be precisely calculated. 
35 Furthermore, it should be realised that the arrangement of 
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be. calculated for each force level for which the 
loading/unloading plots are constructed, on the basis that 
the tangent to the initial part of the unloading curve is 
independent of the depth of penetration. Alternative 
5 plots of hardness versus the force increment or hardness 
versus depth of penetration may be displayed. 

Using the present invention, it is possible to 
monitor total indentation, indentation velocity and the 
load on the indenter simultaneously. Using an appropriate 
ID control system, it is also possible to continue driving 

the actuator 19 after contact until the predetermined test 
load is almost reached then reduce the indentation speed 
so that overshooting of the test load value does not occur. 
The control system of the preferred embodiment is 
15 illustrated schematically in Fig. 3. A force command 
signal 30 which is proportional to a desired load is 
generated by a computer 31 is relayed to a command unit 
32, which takes the form of a linear anlogue ramp 
generator. The slope of the ramp is used to control the 
20 indentation speed of the actuator 19. In order for the 
indentation speed to be controlled, information from the 
first measuring device 16 is continually compared with the 
ramp slope an error signal is generated and the current or 
voltage from the driver 24 to the actuator 19 is varied 
25 accordingly. Thus, indenter velocity and displacement can 
be accurately controlled even though the probe 12 and the 
carriage 15 of Fig. 2 are not rigidly fixed together. 

The output of the second measuring means 17 is 
compared with the force command signal 30 an error signal 
30 is generated to vary the slope of the command ramp as the 
measured force approaches the same value as the force 
command signal 30. The slope of the ramp may be reduced 
to zero when the measured load signal is the same as the 
command load signal or reversed when the measured load 
35 signal exceeds the force command signal. 



WO 88/00691 




PCT/AU87/00202 



- 9 - 

offsetting the probe 12 with respect to the drive carriage 
15 is non-essential, A concentrically arranged embodiment 
is described hereinafter but the offset arrangement of the 
embodiment of Fig. 2 has been found to provide ease in 
5 calibration. 

In use, a sample (not shown) is mounted on the 
surface 13 of the stage 11 beneath the indenter 20. The 
actuator drives the carriage 15 downward and, in turn, the 
probe 12 is also carried downwards. The motion of the 
10. probe 12 and the carriage 15 are the same until the 

indenter 20 contacts the sample surface and the springs 
14a, 14b, 14c and 14d deflect. This deflection is 
identical to the relative movement between the*probe 12 
and carriage 15 and, it is therefore, precisely measured 
15 by the second measuring means 17. Consequently, the 

instant of contact between the indenter 20 and the sample 
can be ascertained and the force acting on the probe can 
be precisely calculated. Any relative movement of the 
probe 12 measured by the first measuring means 17 after 
20 the moment of contact detected by the second measuring 
means 16 is indicative of penetration by the indenter 20 
into the sample. 

To derive loading and unloading curves, a maximum 
force, a force increment, a dwell and a rate of 
25 incrementation are specified. The indenter is brought 

into contact with the surface at the lowest force in the 
^ selected r a ng e . The^nde n t i ng force is then incremented 
to the sfTecte^ at the specified rate and 

then decremented at the same rate. Depth of penetration 
30 is recorded at the end of the dwell between each increment 
or decrement from the point of contact until the force is 
reduced to zero. 

Loading/unloading plots may be constructed and 
displayed with a best fit line inserted tangent to the 
35 initial part of the unloading curve. Hardness values may 
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Also it is possible to perform a scratch test using 
the present invention. A force value, a length of 
traverse, a traverse rate and a number readings may be 
specified. The indenter is brought into contact with the 
5 surface at the specified force which is maintained while 
the specimen is traversed through the specified distance 
at the specified rate. The depth of penetration is 
measured at the specified number of intervals and 
recorded. The embodiment of Fig. 2 is capable of applying 
10 forces in 3 ranges: 

From the foregoing it will be clear to a skilled 
addressee that apparatus may take many forms without 
departing from the scope or spirit of the present 
invention. 
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Furthermore, contact detector 40 generates contact 
signal 41 in response to the generation of a positive 
force by the second measuring device 17 and the command 
unit 37 generates a full force signal 42 when the measured 
5 force signal is the same value as the force command 

signal. The position signal 50 and force signal 51 are 
continuously recorded by the computer 31 and control lines 
52 exist between the computer 31 and the command unit 37 
to allow initialisation of the system. 
10 A suitable computer programme is shown in skeleton 

form in the flow chart of Fig. 4. It comprises a series 
of loops controlling the four main phases of the 
indentation process and is considered to be 
self-explanatory. 
15 Finally, a second embodiment of the present invention 

is illustrated in Fig. 5. This embodiment comprises stage 
70 for mounting a sample thereon and a probe 71 with a 
micro-indenter 72 in the lower end thereof extending 
axially in a direction orthagonol to the' planar upper 
20 surface 73 of the stage 70. The probe 71 is connected by 
elastic coupling means in the form of spring plate 74a, 
74b to a carriage 75. The carriage 75 is in turn 
connected to a housing 80 by plate springs 76a, 76b. 
Plate springs 76a, 76b are slit at right angles to the 
25; slits in plate springs 74a, 74b, thus ensuring axial 
movement of the probe 71. In this embodiment, a first 
measuring device comprising a concentric capacitor 77 is 
used to measure the movement of the carriage relative to a 
datum and a second measuring device 78 comprising an 
30 L.V.D.T. or other inductive measuring device is used to 
measure movement of the probe 71 relative to the same 
datum. Thus, the deformation of the elastic connection 
means is also measured, being the difference between the 
measurements of the first and second measuring devices 77 
3 5 and 78. 
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CLAIMS : 

1. A penetration measuring apparatus comprising: 

a stage for mounting a sample of a material to be tested 

thereon; 

a probe having one end thereof proximal to said stage 
and having a longitudinal axis extending orthogonally of 
said stage; 

an ultra-micro hardness indenter located in said one 
end of said probe; 

a carriage assembly to which said probe is connected 
by elastic connection means of known stiffness, said 
carriage assembly and connection means allowing axial 
movement of said probe but preventing movement of said 
probe in any other direction; 

means to drive said carriage towards and away from 
said stage; 

means to measure the movement of said probe relative 
to a stationary datum; and 

X/ means to measure the deformation of said elastic 
connection means connecting said probe to said carriage. 

2. Apparatus according to claim 1 in which said probe is 
made from a light non magnetic material. 

3. Apparatus according to claim 2 in which at least one 
of said measuring means is a linear variable differential 
transformer having a moveable magnetic core embedded in 
said probe. 

4. Apparatus according to claim 1 in which said elastic 
coupling means between said probe and said carriage 
comprises; 

at least two leaf springs of known stiffness 
connected to said probe and extending laterally therefrom 
to an intermediate member which is axially parallel to 
said probe; 

at least two leaf springs of known stiffness 
connected to said intermediate member and extending 
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laterally therefrom to said carriage? axial movement of 
said probe causing deflections and corresponding 
shortening of said leaf springs wherein said shortening is 
identical for all leaf springs. 

5. Apparatus according to claim 4 wherein said leaf 
springs are all of identical stiffness and length. 

6. Apparatus according to claim 1 in which said elastic 
connection means comprises at least two spring plates. 

7. Apparatus according to claim 1 in which said drive 
means comprises a linear electromagnetic actuator, an 
electromagnetic shaker or a peizo-electr ic actuator. 



8. Apparatus according to claim 1 including a control 
system further comprising a command unit in the form of an 
analogue ramp generator, the shape of said ramp being 
proportional to indentation speed; 

an actuator driver; 

and a servo system to compare the output of said 
first measuring means with the output of said command 
unit, to generate an error signal representative of any 
difference in said measuring means output and said command 
unit output and to vary an input signal to the driver to 
maintain the indenter speed indicated by said ramp slope. 

9. An apparatus according to claim 8 in which said 
control system further comprises a servo system to compare 
a force signal generated by the second measuring means 
with a signal indicative of a test force and to provide a 
signal to said command unit to generate a ramp of positive 
gradient when said measured force signal is less than said 
test force signal, to generate a slope of zero gradient 
when said measured force signal is equal to said test 
force signal and to generate a ramp of negative gradient 
when said measured force signal is greater than said test 
force signal. 



